In Caenorhabditis elegans, gentle touch is sensed by the anterior (ALM and AVM) and posterior (PLM) touch receptor neurons. Anterior, but not posterior, touch is affected by several stress conditions via the action of AKT kinases and the DAF-16/FOXO transcription factor. Here we show that a ubiquitination-dependent mechanism mediates such effects. AKT-1/AKT kinase and DAF-16 alter the transcription of mfb-1, which encodes an E3 ubiquitin ligase needed for the ubiquitination of the mechanosensory channel subunit MEC-4. Ubiquitination of MEC-4 reduces the amount of MEC-4 protein in the processes of ALM neurons and, consequently, the mechanoreceptor current. Even under nonstress conditions, differences in the amount of MFB-1 appear to cause the PLM neurons to be less sensitive to touch than the ALM neurons. These studies demonstrate that modulation of surface mechanoreceptors can regulate the sensitivity to mechanical signals.
Introduction
Senses adapt to environmental changes through diverse mechanisms. For example, the vertebrate rod and cone cells adapt to light through bleaching and regeneration of photopigments (Fain et al., 2001) . Additionally, the gap junction connections between neurons in the retina are also regulated by ambient illumination (Bloomfield and Völgyi, 2009 ). These changes balance visual acuity with sensitivity. Furthermore, the visual cortex can integrate additional modulatory information, such as attention (Reynolds and Chelazzi, 2004) . Together, these modulatory switches allow fine tuning of sensory inputs by diverse conditions.
Mechanosensation is similarly regulated in multiple ways. The vertebrate hair cells, for example, adapt to dynamic sound pressure through nonlinear mechanical amplification by the outer hair cells (Robles and Ruggero, 2001; Hudspeth, 2008) . This mechanical amplification is further inhibited by medial olivocochlear efferents during repeated stimulation (Wersinger and Fuchs, 2011) . The transduction in the inner hair cells quickly adapt to sustained deflection through a combination of mechanical adaptation by MYO1C and a reduction of channel opening induced by increased intracellular calcium (Holt and Corey, 2000) . Other forms of mechanosensation, such as the sense of touch, are modulated by efferent neurons signaling motor programs (Cattaert et al., 2002) or by facilitating interneurons signaling other senses (Castellucci and Kandel, 1976) . Both hearing and touch sensation can also be sensitized by sustained stimulation (Kujawa and Liberman, 1999; Govindaraju et al., 2006) . The mechanism of how mechanotransduction itself is regulated in either touch sensation or hearing, however, is unknown.
Caenorhabditis elegans sense gentle touch along the body with six touch receptor neurons (TRNs). In these neurons, mechanical force is transduced by MEC-4 (O'Hagan et al., 2005) , a DEG/ ENaC channel. Although both the ALM neurons, the anterior TRNs, and the PLM neurons, can initiate a response to gentle touch, using calcium imaging, we have shown the PLM neurons are less sensitive to force than the ALM neurons (Chen and Chalfie, 2014) . These cells also differ in another aspect: several conditions (high salt, hypoxia, Dauer formation, and sustained vibration) modulate anterior, but not posterior, touch sensitivity (Chen and Chalfie, 2014) through AKT-1/AKT kinase and DAF-16/FOXO. A second AKT kinase, AKT-2, acts redundantly with AKT-1 but has less effect on touch sensitivity. Force-response curves for the ALM cells under these conditions, as measured by calcium imaging, suggested that the change in touch sensitivity was due to changes in the amount of active MEC-4 channel.
In this report, we confirm this hypothesis. MEC-4 expression is regulated by transcriptional control of MFB-1, an Atrogin-1-like E3 ubiquitin ligase that ubiquitinates MEC-4. This pathway not only regulates anterior touch response under various conditions but is also partially responsible for the reduced touch sensitivity in the PLM neurons compared with the ALM neurons under normal conditions. This pathway thus appears to be a major regulator of mechanotransduction.
Materials and Methods
C. elegans strains and culture. C. elegans strains were cultured as described previously (Brenner, 1974) at 20°C. For a list of all strains used and additional information, see Table 1 . Wild-type (N2) and all TU strains were from laboratory stocks, and the non-TU strains were from the Caenorhabditis Genetics Center. Animals were subjected to various stresses as described previously (Chen and Chalfie, 2014) . For sustained vibration, animals were vibrated with 50 Hz square waves for 24 h with an average acceleration of 1.5 ϫ g. For high salt treatment, animals were grown with NGM supplemented with 180 mM NaCl for 24 h. For hypoxia, animals were grown with 1% oxygen for 24 h. Dauer larvae were induced by starving the animals for 5 d at 25°C. Hermaphrodites were used for all experiments.
For drug treatments, animals were grown on NGM plates containing 1.4 mM PYR-41, 13 M bortezomib, 11 M MG-132, or 0.4 M concanamycin A for one generation before testing.
Constructs. Most constructs were made using the Multisite Gateway Three-fragment Vector system (Invitrogen). For a list of all plasmids and primers used and additional information, see Tables 2, 3 , and 4.
Touch assay. The touch assays were done by touching the side of the animal gently using an eyebrow hair either behind the pharynx for anterior touch or near the anus for posterior touch (Chen and Chalfie, 2014) . Each animal was touched five times alternately on each end and scored by the number of responses elicited. All touch assays were performed blind to genotype. At least three biologically independent samples (with at least 8 animals for each sample) were tested for each strain and/or condition. Mean and 95% CI of the averages from each independent repeat was reported.
Electrophysiology. All electrophysiological measurements were done as described previously (O'Hagan et al., 2005) with minor modifications to the stimulus protocol to ensure saturated stimulation. We used an unfiltered 5 ms pulse of 150 mV to drive a piezo-driven glass probe with a tip diameter of 22 m to touch the animal, followed by a200 mV voltage to pull the probe away from the animal. The probe touched near the second pharyngeal bulb for ALM measurements, and posterior to the vulva for posterior measurements. The longer distance (160 Ϯ 10 m for five ALM neurons and 220 Ϯ 30 m for five PLM as measured from animals with video recordings) compared with O'Hagan et al. (2005) (ϳ100 m) minimizes mechanical disruption on the patch during saturated stimulation. Because the probe we used had a resonant frequency of ϳ70 Hz, the 5 ms pulse of stimulation allows the probe to move in one continuous motion until it reaches the maximum displacement. Compared with the original stimulation (O'Hagan et al., 2005) , this protocol generates slightly higher mechanoreceptor currents (MRCs), probably because filtering of the stimulation signal limits the speed that the probe can move at. The stimuli were also less sensitive to the distance between the probe and the animal. The saturated stimulus was chosen so that a 50% reduction in the driving voltage would result in the same MRCs. This pulse protocol was used for all peak MRC responses in ALM and PLM neurons. All data were analyzed using Igor (Wavemetrics).
Alternatively, a step protocol (O'Hagan et al., 2005) was used for I-V relation. The step protocol was only modified so that the stimuli were unfiltered. The unfiltered step protocol and pulse protocol generated similar peak MRCs (data not shown).
Nonstationary noise analysis was performed as previously described (Heinemann and Conti, 1992; O'Hagan et al., 2005) . Briefly, the variance and mean current from 20 repeated stimuli were fitted using the following:
where I 2 is the variance of the current I, I is the mean current of the 20 stimuli, N is the number of channels fluctuating, and i is the singlechannel current. For noise analysis, a combination of data generated using the pulse and step protocols were used.
Microscopy. All fluorescent pictures and antibody-staining pictures were taken on a Zeiss observer Z1 equipped with a CoolSnap HQ 2 camera (Photometrics). Samples were blinded before observation and analysis.
Single molecule mRNA fluorescent in situ hybridization (smFISH) was performed as described previously (Topalidou et al., 2011) . At least 29 PLM neurons, 30 AVM neurons, and 70 ALM neurons were examined for each genotype, as indicated in the figures.
Antibody staining and quantification. Animals were stained using a polyclonal mouse-␣-MEC-4 antibody (Abcam) and a polyclonal rabbit-␣-MEC-18 antibody at 1:200 dilution (Zhang, 2004) , or using a mouse anti-GFP antibody (3E6; Invitrogen) as described by Bellanger et al. (2012) . Whole animals were stained under permeabilized conditions. ALM processes were imaged near the second pharyngeal bulb, and the PLM processes were imaged between the PVM and PLM cell bodies.
Cultured cells were fixed with 4% PFA in BSA for 10 min at room temperature, and blocked in 1% BSA in PBS with or without 0.5% Triton for 30 min at 4°C for permeabilized and nonpermeabilized staining, respectively. The slides were then washed in PBS, incubated in PBS with the above ␣-MEC-4 and ␣-MEC-18 antibodies for 1 h at 4°C, then pCFJ90, pCFJ90, TRN::mfb-1 TU4392 cav-1(ok2089) IV; pCFJ90, TRN::mfb-1 in cav-1 IV; pCFJ90, washed overnight before incubation with the secondary antibodies for 1 h at 4°C. The slides were then washed four times and mounted for microscopy. The TRNs were identified using MEC-18 staining in the processes (for permeabilized staining) and in the cell bodies (for both permeabilized and nonpermeabilized staining). ALM and PLM neurons were distinguished using the morphology of the processes, which is Ͼ80% accurate (C. Zheng and M.C., personal communication). Because MEC-18 is cytoplasmic in the processes of the TRNs, the MEC-18 staining was also used as a control in the processes for nonpermeabilized staining. Some TRN processes could be damaged during the staining process, and MEC-18 antibody staining would show a strong signal in some sections of the processes. These sections were not used in determining the MEC-4 levels. The intensities of MEC-4 puncta were quantified using ImageJ (Schneider et al., 2012) by calculating the average intensity of a 5-pixel circle on a MEC-4 punctum minus background in the nearby region off the process of the cell (ϳ10 -15 pixels away). The intensities from mutant animals were then normalized to wild-type levels, and the intensities from RNAi-treated TU3595 animals were normalized to animals treated with gfp RNAi. At least three independent biological replicates were performed for each condition/strain, and the mean and 95% CI of the average of the replicas were reported. For cultured cells, the mean and 95% CI of the cells were reported.
The interpuncta distance was calculated by dividing the length of the processes by the number of MEC-4 puncta. The MEC-4 puncta were located and counted in ImageJ using the FindMaxima function with a tolerance set to 40. This tolerance level allows the best recognition of MEC-4 puncta as determined by visual inspection.
Immunoprecipitation and Western blotting. To preserve ubiquitinated proteins, animals were grown with 13 M bortezomib from hatching. Immunoprecipitation was performed on L4 animals in CSK buffer (Walhout and Boulton, 2006) supplemented with 2% Triton X-100, 0.5% deoxycholic acid, 10 mM N-ethylmaleimide (Sigma), and complete protease inhibitors (Roche) using a rabbit polyclonal anti-ubiquitin antibody (ab19247; Abcam) or a mouse anti-GFP antibody (3E6; Invitrogen) as controls. Protein samples were run on 8% SDS-PAGE and blotted using a rabbit polyclonal antibody against RFP (ab62341; Abcam) in 5% nonfat milk. Band intensities were quantified using ImageJ and normalized to wild-type levels.
Statistical analysis. Student's t test or Welch's test with Bonferroni correction was performed for all touch assays, electrophysiological data, and most staining data depending on whether the data being compared have equal variance. All smFISH data were analyzed using Mann-Whitney's U test, and when applicable, subjected to Bonferroni correction. Western blot data were analyzed using one-sample t test and Student's t test, both with Bonferroni correction. All p values reported are after correction except where noted.
Results

AKT-1 modifies touch sensitivity through MFB-1
Several conditions, including high salt, hypoxia, and Dauer formation, reduce anterior touch sensitivity through AKT-1 (Chen and Chalfie, 2014) . akt-1 mutant animals responded less when touched on the anterior part of the animal (Fig. 1A ). This change in touch sensitivity requires ubiquitination: loss of uba-1, which encodes an E1 ubiquitin activating enzyme, or inhibition of ubiq- The primer sequences used to PCR the inserted sequences were provided. uitination by the drug PYR-41 restored anterior touch sensitivity to akt-1 mutants. Blocking proteasomal and lysosomal degradation with MG-132, bortezomib, and concanamycin A did not restore the touch sensitivity, suggesting that ubiquitination, but not the subsequent protein degradation, is important for the modulation of touch sensitivity.
Mammalian ENaC channels are ubiquitinated by the E3 ubiquitin ligase Nedd4.2, and then removed from the plasma membrane through a caveolin-dependent process (Bhalla and Hallows, 2008) . Similar to the control of mammalian ENaC channels, the touch sensitivity of akt-1 animals was restored by a mutation in cav-1/caveolin (Fig. 1A) . The loss of the Nedd-4-like E3 ubiquitin ligases WWP-1 or Y92H12A.2 in C. elegans, however, did not prevent the touch insensitivity of akt-1 mutants (data not shown). Instead, mutation in a gene encoding an Atrogin-like E3 ubiquitin ligase, mfb-1, restored touch sensitivity (Fig. 1A) . Both mfb-1 and cav-1 act cell autonomously: TRNspecific expression of mfb-1(ϩ) in wild-type reduced anterior touch sensitivity (Fig. 1B) ; similarly, TRN-specific expression of cav-1(ϩ) in akt-1; cav-1 animals, but not in daf-16 animals, reduced anterior touch sensitivity. Expressing mfb-1(ϩ) in cav-1 animals, however, failed to reduce anterior touch sensitivity, suggesting that caveolin acts downstream of ubiquitination in the regulation of MEC-4. Therefore, MFB-1 negatively regulates touch sensitivity by acting upstream of caveolin. These results suggest that the ubiquitin-dependent change in touch sensitivity is mediated by the removal of the active channel protein from the cell surface.
Insulin signaling also controls the expression of UBH-4, a deubiquiting enzyme that counteracts ubiquitination and decreases proteasome activity (Matilainen et al., 2013) . Knocking down ubh-4 or its paralogs (ubh-3, ubh-2, and ubh-1) using neuron-enhanced RNAi, however, produced no effect on anterior touch sensitivity in TU3595 (Fig. 1C) . These results suggest that either the deubiquitinating enzymes do not contribute significantly to the control of touch sensitivity under normal conditions, possibly due to a low level of baseline ubiquitination activity, or the deubiquitinating enzymes act redundantly.
AKT-1 and DAF-16 regulate the transcription of mfb-1 MFB-1::GFP was expressed throughout the animal with the highest concentration in the gut, the spermatheca, and the nervous system ( Fig. 2A, top) . By feeding the animals with bacteria ex- pressing RNAi constructs against GFP to reduce non-neuronal GFP expression, we were able to identify GFP expression in the ALM and AVM neurons ( Fig. 2A, bottom) (Calixto et al., 2010 ). An akt-1 mutation increased MFB-1::GFP expression throughout the animal, including in the ALM and AVM neurons (Fig. 2B) .
We also examined mfb-1 expression in the TRNs using smFISH (Fig. 2C-F ) . Although we had not been able to identify GFP expression specifically in the PLM neurons (feeding RNAi against GFP failed to suppress non-neuronal GFP expression near the PLM neurons due to inefficient feeding RNAi near the tail, Calixto et al., 2010; preventing us from identifying GFP expression in the PLM neurons because of uniform fluorescence in both the PLM neurons and the surrounding tissues), we could see its expression by smFISH. Moreover, we saw an increase in the number of mfb-1 transcripts in the ALM ( Fig. 2D ; p Ͻ 0.05), AVM ( Fig. 2E ; p Ͻ 0.01), and PLM ( Fig. 2F ; p Ͻ 0.0005) neurons in akt-1 animals compared with daf-16 animals. Therefore, AKT-1 and DAF-16 regulate mfb-1 transcription in both the anterior and posterior TRNs.
The sensitivity of the PLM neurons to touch is approximately half of that of the ALM neurons in wild-type animals as measured by calcium imaging (Chen and Chalfie, 2014) . This difference in touch sensitivity could be caused by differences in MFB-1 levels. Consistent with a negative regulatory role of MFB-1 in touch sensitivity, we saw more mfb-1 transcripts in the PLM neurons than in the ALM neurons in wild-type animals (Fig. 2 D, F ; p Ͻ 0.01). Moreover, the mfb-1 levels in wild-type animals are closer to that of daf-16 animals in ALM neurons ( Fig. 2D ; 0.4 Ϯ 0.1 transcripts in wild-type vs 0.7 Ϯ 0.1 in akt-1 and 0.4 Ϯ 0.1 in daf-16 ) and that of akt-1 animals in PLM neurons ( Fig. 2F; 1 .1 Ϯ 0.2 in wild-type vs 1.2 Ϯ 0.2 in akt-1 vs 0.4 Ϯ 0.1 in daf-16 ). Therefore, although AKT-1 and DAF-16 regulate mfb-1 transcription in both the ALM and PLM neurons, the strength of insulin signaling may be lower in the PLM neurons than in the ALM neurons under normal conditions. This difference would lead to higher mfb-1 expression and thus lower touch sensitivity to force. Consistent with this hypothesis, the PLM neurons have ϳ60% fewer akt-1 transcripts than the ALM neurons (Fig. 2G) , which may reduce the strength of insulin signaling.
MFB-1 controls the amount of MEC-4 through ubiquitination
Because MFB-1 is an E3 ubiquitin ligase, we hypothesized that MFB-1 regulates touch sensitivity by ubiquitinating MEC-4 and regulating the amount of this protein. Indeed, we found that MEC-4::RFP was ubiquitinated (Fig. 3A) . In addition, more MEC-4::RFP is ubiquitinated in akt-1 mutants than in wild-type animals ( Fig. 3 A, B) . This ubiquitination is dependent on MFB-1 because the increase in ubiquitinated MEC-4 was eliminated in animals lacking mfb-1 (Fig. 3 A, B) . These results indicate that a loss of akt-1 activity induces an MFB-1-dependent ubiquitination of MEC-4. Consistent with our model, the total amount of MEC-4 expression was reduced in akt-1 TRNs (Fig. 4 A, B) . The AKT kinases are activated by both the focal adhesion proteins, such as PAT-2/␣-integrin and UNC-112/Mig-2, which activate integrin signaling, and the insulin-like peptide INS-10, which activates insulin signaling (Chen and Chalfie, 2014) , in the regulation of touch sensitivity. RNAi against ins-10, unc-112, and pat-2 also reduced MEC-4 expression (Fig. 4 A, B) . The MEC-4 expression in akt-1 animals, however, was restored by an mfb-1 mutation (Fig. 4 A, B) . The punctate organization of MEC-4 along the TRN processes in mutants with reduced MEC-4 expression, however, remained indistinguishable from wild-type animals (interpuncta distance is 1.3 Ϯ 0.2 m for wild-type animals, 1.5 Ϯ 0.1 m for akt-1 animals, and 1.2 Ϯ 0.2 m for ins-10(i) animals; p ϭ 0.5 between akt-1 and wild-type and p ϭ 0.7 between ins-10(i) and wild-type without Bonferroni correction). Therefore, mfb-1 expression is negatively correlated with MEC-4 expression, supporting the hypothesis that MFB-1-dependent ubiquitination reduces MEC-4 expression.
Treating akt-1 animals with concanamycin A, which blocks lysosomal degradation, also increased overall MEC-4 expression (Fig. 4C,D) but did not restore touch sensitivity in akt-1 mutants ) . B, Quantification of band intensities from three independent biological replicates. All intensities were normalized to wild-type controls. *akt-1 is significantly different ( p Ͻ 0.05) from wild-type using one-sample t test and from akt-1; mfb-1 ( p Ͻ 0.01) using Student's t test. N ϭ 3. (Fig. 1A) . Bortezomib, which blocks proteasomal degradation, had a smaller and statistically insignificant effect on MEC-4 expression. Although we cannot exclude proteasomal degradation in the removal of MEC-4, these results suggest that MEC-4 is likely to be degraded primarily through the lysosomal pathways. Regardless of the mechanism of degradation, these data suggest that the ubiquitination of MEC-4 and its removal from the surface, but not its subsequent degradation, are important for the regulation of touch sensitivity.
The PLM neurons, which are less sensitive than the ALM neurons (Chen and Chalfie, 2014) , have less MEC-4 than the ALM neurons in wild-type animals (Fig. 4 E, F ) . Because insulin and integrin signaling does not affect the posterior touch response (Chen and Chalfie, 2014) , we predicted that MEC-4 expression should not be reduced by mutations in insulin signaling. Indeed, MEC-4 expression in the PLM neurons in akt-1 animals and animals treated with RNAi against ins-10 were not reduced compared with wild-type animals (Fig. 4 E, F ) . akt-1; mfb-1 doubles, however, had increased MEC-4 expression in the PLM neurons. MFB-1 thus regulates MEC-4 expression in both ALM and PLM neurons. Because MFB-1 is also regulated by AKT-1 in both ALM and PLM neurons, the lack of reduction in posterior response of akt-1 animals, therefore, is not caused by a different regulatory mechanism of MEC-4, but rather by differences in the signal strength.
If the change in MEC-4 expression causes changes in touch sensitivity, then restoring MEC-4 expression should overcome the reduction of touch sensitivity. Indeed, overexpressing MEC-4::RFP or MEC-4 in akt-1 animals, ins-10(i) animals, and animals treated with RNAi against unc-112 or pat-2 restored their anterior touch sensitivity (Fig. 4G) . Overexpressing MEC-2, MEC-6, or MEC-10, other TRN membrane proteins needed for touch sensitivity, had no such effects (data not shown). Therefore, the change in the amount of MEC-4 appears to underlie the modulation of touch sensitivity through the AKT-1 pathway. 
Environmental factors modulate touch sensitivity by regulating MEC-4 expression
High salt reduces anterior, but not posterior, touch sensitivity through insulin signaling, and prolonged vibration sensitizes the anterior touch response through integrin signaling (Chen and Chalfie, 2014) . Both pathways then converge on AKT-1. Consistent with the hypothesis that these conditions regulate touch sensitivity through changing the expression of MEC-4, high salt reduced MEC-4 expression in the ALM neurons (Fig. 4 A, B) , and prolonged vibration increased MEC-4 expression in the ALM neurons (Figs. 4A and 5A) . No change in MEC-4 expression was seen in the PLM neurons (Fig. 4 E, F ) . MEC-4 expression returns to normal in vibrated animals after 12 h of rest (Fig. 5A) , during which time the touch sensitivity also returns to normal level (Chen and Chalfie, 2014) . Reduced activities in akt-1, pat-2, and unc-112 through mutations or RNA interference blocked sensitization (Chen and Chalfie, 2014) . Consistent with a role of MEC-4 regulation in modulating the touch response, changes in the amount of MEC-4 were also blocked by these mutations or RNAi (Fig. 5A) .
Similar to akt-1 mutants, the reduced touch sensitivity of wild-type animals treated with high salt and of Dauer animals can be restored by overexpressing MEC-4 (but not MEC-2, MEC-6, or MEC-10; Fig. 4G ), and the touch sensitivity of those treated with high salt or hypoxia were restored by a mutation in mfb-1 (Fig. 5B) . These results indicate that environmental conditions control anterior touch sensitivity by altering MEC-4 expression through MFB-1.
Control of mechanoreceptor current by regulating MEC-4 surface expression
Although the total amount of MEC-4 in ALM processes is lower in mutants with reduced touch sensitivity, the more relevant change should be in the amount of functional MEC-4 channels at the plasma membrane. A change in the amplitude of the MRC elicited by saturated mechanical stimuli will reflect a change in these channels. We therefore recorded MRCs in ALM and PLM neurons when they were stimulated by saturated force. When stimulated with a pulse of force (5 ms; Fig. 6 , red traces), both wild-type and akt-1 MRCs in ALM neurons were qualitatively similar to previously reported MRC recordings from PLM neurons (O'Hagan et al., 2005) (Fig. 6 A, B) . The amplitude of the currents in response to saturated stimuli, however, was smaller in akt-1 animals than in wild-type animals (55 Ϯ 3 pA in akt-1 mutants, n ϭ 8 vs 89 Ϯ 4 pA in wild-type, n ϭ 7; p Ͻ 0.0005; Fig.  6 A, B,D) . The saturated MRC was partially, but significantly, restored in akt-1 animals by an mfb-1 mutation (72 Ϯ 3 pA in akt-1; mfb-1 mutants, n ϭ 7; p Ͻ 0.005 compared with akt-1; Fig. 6C,D) . All ALM neurons displayed similar responses to voltage steps, and the MRCs displayed similar voltage dependence (data not shown).
The change in peak MRC in response to saturated stimuli could either be caused by changes in single-channel conductance or by changes in the amount of MEC-4 channels. The current carried by a single channel in akt-1 animals, as estimated by nonstationary noise analysis (Heinemann and Conti, 1992; O'Hagan et al., 2005), was similar to that in wild-type animals (0.8 Ϯ 0.2 pA, n ϭ 4 in akt-1 animals vs 0.7 Ϯ 0.1 pA, n ϭ 5 in wild-type, p ϭ 0.47). These results suggest that changes in single-channel conductance are unlikely to explain the reduction of peak MRC in akt-1 animals and that changes in the amount of MEC-4 channels are the more likely cause of the change in MRC.
We were unable to detect MEC-4 on the plasma membrane in vivo because permeabilization of the cuticle to allow antibody access to the TRNs would also permeabilize the plasma membrane. Antibody staining to MEC-4 in nonpermeabilized cultured TRNs from akt-1 and akt-1; mfb-1 animals, however, indicated that the surface population of MEC-4 indeed changed to a similar degree to the total population (Fig. 7 A, B) . These results further support the hypothesis that the change in the saturated MRCs is caused by a change in the amount of surface MEC-4.
We also examined MRCs in the PLM neurons under these conditions (Fig. 8A-D) . The saturated MRCs (28 Ϯ 3 pA, n ϭ 5) we observed in wild-type PLM neurons were smaller than those seen in the wild-type ALM neurons ( p Ͻ 0.0001; Fig. 8 A, D) . The values for the PLM neurons were also smaller than those we previously reported for PLM neurons (ϳ54 pA) (O'Hagan et al., 2005) . This latter difference could have been caused by different stimulation sites. In our experiments, we moved the stimulation site to the distal end of the PLM anterior process to reduce mechanical disruption of the pipette seal, which is more severe during saturated stimulation (for details, see Materials and Methods). The long distance between the patch site (i.e., the cell body) and the stimulation site could result in diminished current measurements because the PLM neurons are not isopotential (O'Hagan et al., 2005) . In addition, differences in MEC-4 distribution along the PLM process could also result in differences in MRCs elicited at different stimulation sites. Indeed, in one animal where we were able to measure MRCs elicited by stimulation at three positions along the PLM process, there was a 50% reduction in MRCs elicited by stimulation at the distal end than MRCs elicited at closer positions (Fig. 8E) . Nonetheless, we feel the reduction relative to the ALM values is significant because even our previous values for the MRCs in the PLM neurons were lower than those we saw in the ALM neurons. Moreover, these data were also consistent with the reduced sensitivity of PLM neurons as measured by calcium imaging (Chen and Chalfie, 2014) and the lower amount of MEC-4 in the PLM processes (Fig. 4F ) .
The MRCs in akt-1 and akt-1; mfb-1 PLM neurons were also consistent with the amount of MEC-4 in each mutant: the MRCs in akt-1 PLM neurons (22 Ϯ 3 pA, n ϭ 3; Fig. 8 B, D) were not significantly different from wild-type MRCs ( p ϭ 0.28 without Bonferroni correction), but akt-1;mfb-1 PLM neurons (49 Ϯ 2 pA, n ϭ 5; Fig. 8C,D) had MRCs larger than both wild-type and akt-1 MRCs ( p Ͻ 0.0005 compared with akt-1 MRCs and p Ͻ 0.005 compared with wild-type MRC). Although the MRCs from the ALM and PLM neurons of akt-1; mfb-1 animals were still different from each other, these results indicate that the amount of MFB-1 significantly accounts for the differences in the touch sensitivity between ALM and PLM neurons.
Discussion
Modulation of sensory transduction through regulating the level of the transduction complex has been shown to occur in several sensory systems, including vision and gustation (Fain et al., 2001; Zhang et al., 2013) . Our results indicate that such control also occurs in mechanosensation. Changes in the amount of MEC-4 channels modulate anterior touch sensitivity in the ALM neurons under four conditions (prolonged vibration, hypoxia, high salt, and Dauer formation), which signal through AKT kinases and DAF-16/FOXO (Chen and Chalfie, 2014) . This control of the amount of MEC-4 relies on the levels of MFB-1, an E3 ubiquitin ligase needed for the ubiquitination of MEC-4. This mechanism not only regulates anterior touch sensitivity under different environmental conditions but also contributes to reduced PLM sensitivity under normal conditions (Fig. 9) . 
Independent gain control of anterior and posterior sensitivity
In addition to the changes in anterior touch response, the amount of MEC-4 can also account for two differences between the ALM and the PLM neurons: that the PLM neurons are less sensitive than the ALM neurons as measured by both calcium imaging and MRCs (Figs. 6D and 8D) and that the PLM sensitivity is not controlled by reduced insulin signaling (Chen and Chalfie, 2014) . Our results suggest that the reduced sensitivity in the PLM neurons is partially caused by having less MEC-4 than the ALM neurons, and that this control of the amount of MEC-4 requires MFB-1. akt-1; mfb-1 animals had both higher MEC-4 levels and bigger MRCs in the PLM neurons even when compared with wild-type PLM neurons, suggesting that MFB-1 keeps MEC-4 levels low in the PLM neurons. Consistent with this hypothesis, mfb-1 transcription is higher in the PLM neurons compared with the ALM neurons (Fig. 2 D, F ) . The difference in the amount of MEC-4, however, may not solely account for the different sensitivity in ALM and PLM neurons because the MRCs in the ALM and PLM neurons of akt-1; mfb-1 animals are still different. This residual difference could partially be explained by the position of the stimulation sites (Fig. 8E ). Other differences, such as cell morphology and the expression levels of other genes (C. Zheng and M.C., personal communication), may also contribute to the difference in touch sensitivity.
Nevertheless, the PLM neurons are able to mediate normal touch responses. If the animals have reduced ALM sensitivity similar to the PLM levels, they become partially insensitive to anterior touch (Chen and Chalfie, 2014) . This difference in the requirement of sensitivity in the ALM and PLM neurons may reflect differences in the downstream circuits driven by these cells (Chalfie et al., 1985) . Indeed, gap junctions between the command interneurons bias the nervous system, so animals usually move forward (Kawano et al., 2011) . Because the TRNs are activated by graded sensory potentials, the ALM neurons may need to be depolarized more than the PLM neurons to overcome the bias of the downstream command circuit, thus requiring higher sensitivity to operate normally.
Unlike the anterior touch response, the posterior touch response is not affected by reduced insulin signaling and/or stress conditions (Chen and Chalfie, 2014) . Similar to the behavioral responses, only the MRCs in the ALM neurons, not those in the PLM neurons, are affected by akt-1 mutation (Figs. 6D and 8D ). Because mfb-1 mutation increases MRCs in akt-1 PLM neurons, the lack of change in touch sensitivity in akt-1 PLM neurons is not caused by differences in the modulatory mechanism for transduction, but by differences in signaling strength. smFISH for akt-1 supports this hypothesis: the PLM neurons express less AKT-1 than the ALM neurons (Fig. 2G) , thus leading to increased MFB-1 expression and reduced touch sensitivity. Because insulin signaling activates AKT-1 through phosphorylation, less AKT-1 also leads to less capacity to regulate touch sensitivity, thus rendering the posterior response insensitive to modulation. Different accessibility to signaling peptides, such as INS-10 (Chen and Chalfie, 2014) , may also reduce insulin signaling in the PLM neurons.
MFB-1/Atrogin-1 responds to sustained force in diverse systems AKT-1 and DAF-16 alter touch sensitivity by regulating the transcription of mfb-1. Because mfb-1 transcription depends on AKT-1 and DAF-16, a likely hypothesis is that mfb-1 transcription is regulated by DAF-16. This hypothesis is supported by ModEncode Chip-seq data demonstrating that mfb-1 promoter regions contain several DAF-16 binding sites (Celniker et al., 2009) . The relatively slow rate of transcriptional regulation predicts that any condition modulating touch sensitivity through this pathway should also act slowly. Indeed, all four conditions that act through AKT-1 and DAF-16 require Ͼ2 h to take effect (Chen and Chalfie, 2014) .
Integrin signaling activates AKT-1 to mediate sensitization by sustained vibration (Chen and Chalfie, 2014) . This sensitization pathway is conserved in mammalian muscle hypertrophy. Atrogin-1, an MFB-1 homolog, is the target in the mammalian pathway (Sandri et al., 2004; Marino et al., 2008) . Although the target proteins for ubiquitination are different in muscle hypertrophy and modulation of touch sensitivity, in both cases integrin signaling and MFB-1/ Atrogin-1 modulate the primary function of the cells in response to sustained force. This similarity suggests that integrin signaling through MFB-1/Atrogin-1 may be a conserved force-modulated pathway across species and cell types.
Because a mutation in mfb-1 fully restored anterior touch sensitivity under stress conditions, MFB-1 regulation of MEC-4 is likely the main cause of touch insensitivity under these conditions. Sensitization caused by sustained vibration, however, may not be solely caused by the regulation of mfb-1 transcription. ALM neurons after vibration did show increased MEC-4 expression (Fig. 5A) , suggesting that regulation of the amount of MEC-4 may still contribute to sensitization. This hypothesis, however, is hard to confirm electrophysiologically because the time involved in preparing the animals (usually from 30 min to 1 h) may variably negate the effect of sensitization.
Sustained vibration causes a small increase in MEC-4 expression (Ͻ50%; Fig. 5A ), and this adequately explains the suppression by vibration of the effects of hypoxia, high salt, and the Dauer state. We do not, however, believe that the increase in MEC-4 alone can account for the rapid recovery from habituation seen in animals vibrated for long periods (Chen and Chalfie, 2014) . Immediately after prolonged vibration, animals are habituated anteriorly, so simply having somewhat more channels would not be expected to overcome the block to mechanosensation. Other mechanisms may additionally regulate MEC-4 or other TRN activities following prolonged vibration (Fig. 9, "?") . One possible mechanism is through the regulation of deubiquitination pathway and UBH-4. Like mfb-1, ubh-4 expression is controlled by insulin signaling (Matilainen et al., 2013) . Although knocking down ubh-4 or its three homologs in C. elegans (ubh-1, ubh-2, and ubh-3) did not reduce touch sensitivity, we cannot rule out the possibility that these genes act redundantly.
Conserved regulation of transduction channels by ubiquitination MFB-1 modulates touch sensitivity by ubiquitinating and subsequently reducing MEC-4. This modulation, however, does not simply rely on changing the amount of MEC-4 channels because blocking protein degradation alone did not restore touch sensitivity (Fig. 1A) . This result suggests that the channels are inactivated before being degraded. Because a mutation in cav-1/ caveolin also blocked the reduction of touch sensitivity, we propose that ubiquitination, per se, does not reduce channel activity. Instead, ubiquitination of MEC-4 allows the removal of the channels from the plasma membrane.
The mammalian ENaC channels are similarly regulated by ubiquitination and subsequent caveolin-dependent endocytosis (Bhalla and Hallows, 2008) . This system, however, uses a different E3 ligase, Nedd-4.2. Nedd-4-like E3 ligases in C. elegans did not affect the modulation of touch sensitivity, suggesting that multiple E3 ligases may regulate DEG/ENaC channels. The fact that different E3 ligases are used for similar modulation in different systems suggests that the mechanism of channel regulation is more conserved than the specific components involved.
Regulation of sensory transduction through ubiquitination is not limited to mechanosensation and DEG/ENaC channels. For example, Drosophila adapts to bitter taste by reducing TRPL channels in gustatory receptor neurons through ubiq- Figure 9 . Regulation of mechanotransduction in the TRNs. MFB-1-dependent ubiquitination and removal of MEC-4 mediates the change in touch sensitivity by both integrin (green pathway) and insulin signaling (red pathway). Integrin signaling may increase MEC-4 activity through additional pathways (green dotted pathway and "?"). The same pathway also partially contributes to less sensitivity in the posterior TRNs (blue pathway). Dashed lines indicate that the signaling strength is reduced in the specific conditions/cells. Dotted lines indicate the hypothesized pathway. In the posterior TRNs, the size of the labels of proteins indicates the relative abundance (or activity) of that protein compared with the anterior TRNs under normal conditions. uitination (Zhang et al., 2013) . In addition, a large number of G-protein coupled receptors are regulated by ubiquitination (Miranda and Sorkin, 2007) . Because G-protein coupled receptors are involved directly in diverse sensory transduction, including vision, gustation, and olfaction, ubiquitination may also directly regulate transduction in these senses. Together, these and our findings suggest that ubiquitination-dependent regulation of transduction molecules may be a common mechanism of sensory modulation.
